The admission flow generated by a parallel valve diesel engine cylinder head was investigated by planar and stereoscopic Particle Image Velocimetry in a steady flow test bench through measurements in the swirl and tumble planes. By combining several sets of measurements a full three-dimensional, three-component reconstruction of the flow was made. The flow out of the valves forms a jet which collides with the cylinder wall before flowing down along the wall. Despite the fact that there is no piston a recirculation bubble is formed in the tumble plane. This is due to the entrainment of gas into the jet which needs to be replaced and thereby sets up a counter flow. In the swirl plane complex jet-dominated vortex structures are detected close to the cylinder top. Moving away from the cylinder top, a counter-rotating vortex-pair structure is observed from which a single coherent swirling structure develops further down the cylinder. Some clear differences are observed between the flow at high and moderate valve lifts, which correspond to a distinct change in the swirl intensity. By introducing a strong swirling motion the flow is stabilized which can be seen by tracking the instantaneous position of the swirl centre. For high swirl the variation of the position of the swirl centre decreases substantially.
gasoline and diesel engine design some of the main flow features are similar before combustion. Although engine 27 manufacturers have different design philosophies, one strategy in diesel-engine development is to carefully adapt the 28 level of swirl generated during the admission stroke to obtain the required combustion quality. Performing such fine 29 optimization requires a detailed knowledge and understanding of the underlying flow features.
30
As a consequence of the importance of the flow during the intake stroke a variety of experiments have been per-31 formed on test benches as well as motored piston-cylinder assembly and optical access engines (Stansfield et al., 2007; 32 Dierksheide et al., 2002) . Integrated quantities, such as mass-flow rate and swirl intensity, have been investigated for 33 a long time (Crnojevic et al., 1999) . Developments of optical measurement techniques have made non-intrusive ve-34 locity measurements possible, and techniques such as Laser Doppler Velocimetry (LDV) (Payri et al., 1996; Desantes 35 et al., 1995) , Particle Tracking Velocimetry (PTV) (Khalighi, 1991) , planar (Cosadia et al., 2007; Reeves et al., 1996), 36 stereoscopic (Vernet, 2012; Rabault, 2015) and tomographic Particle Image Velocimetry (PIV) (Baum et al., 2013 (Baum et al., , 37 2014 van Overbrüggen et al., 2013) have been employed for in-cylinder flow studies. However, even using such ad-38 vanced methods, getting full understanding of the three-dimensional (3D) structure of engine flows is still challenging.
39
One reason for that is the absence of three-dimensional three-component (3D3C) flow information. While planar and 40 stereoscopic PIV give access to the velocity field in only one plane, tomographic PIV remains challenging to perform 41 in a complex geometric configuration representative of an engine and the areas in which information is collected are 42 limited to thin slices. Rotating barrels can be used to change the position where measurement are performed (Brücker, 43 1997 ), but such a method is complex to implement and use.
44
In parallel to experimental investigations, simulations have been used to generate additional knowledge. Starting 45 with Reynolds Averaged Navier-Stokes (RANS) simulations (Basha and Gopal, 2009; Payri et al., 2004) , the increase 46 in computer power has allowed more accurate Large Eddy Simulations (LES) (Liu and Haworth, 2010; Hasse et al., 47 Figure 2: Cylinder head used for performing the measurements. The admission channels and the cylinder are indicated in blue. Red rods indicate limitations in the design space corresponding to screws and cooling channels.
Both experiments and simulations have underlined the importance of admission channel design, port shape, valve 55 positioning (Kang and Reitz, 1999) and cylinder head configuration to achieve a given swirl or tumble intensity 56 (Huang et al., 2008) . Other cylinder characteristics, such as the presence and shape of the piston bowl, have proven 57 less important during the admission stroke (Murali Krishna and Mallikarjuna, 2010) . While a wide variety of engine 58 configurations have been investigated, some general flow features seem to be shared by most configurations. In 59 particular, the existence of a strong re-circulation bubble in the tumble plane has been noticed by several authors on 60 both diesel and spark ignition engines (Huang et al., 2005; Garth et al., 2007) . However, more analysis is needed to 61 understand the associated 3D flow features. Another important flow property is the stability in space and time of the 62 structures obtained (Cosadia et al., 2006; Towers and Towers, 2004; Kapitza et al., 2010; Müller et al., 2010) , since 63 more stable structures are expected to give rise to less cycle-to-cycle variations (Enotiadis et al., 1990; Liu et al., 64 2012; Voisine et al., 2011) . A popular technique for trying to assess and understand the origins of such variations is 65 the Proper Orthogonal Decomposition (POD) (Fogleman et al., 2004; Roudnitzky et al., 2006) , a method that aims at 66 identifying the most energetic structures in the flow from a set of snapshots (Graftieaux et al., 2001) .
67
In the present paper, both planar and stereoscopic PIV are used to investigate the flow structures generated by a 68 parallel valves diesel-engine cylinder head investigated through test-bench measurements. A complete 3D3C recon-69 struction of the mean flow field is performed in a large portion of the cylinder, allowing detailed understanding of the 70 flow structures involved. In addition, a parametric study allowed the influence of valve lift on the development of the 71 flow structures in the cylinder to be investigated. Finally, the stability of the swirl structures is investigated. 
Experimental configuration

73
In this section we describe briefly the cylinder head (sec. 2.1), the test bench facility and the measurement method-74 ology for the integral quantities (sec. 2.2). The PIV system and measurement conditions are described in sec. 2.3 and In addition to the PIV measurements the test bench is used to measure the two integrated quantities of interest which is a suitable range. The flow velocity V isen corresponds to isentropic expansion for the air regarded as a perfect 105 gas:
where c p is the specific heat capacity, γ = c p /c v the ratio of specific heats, P 1 and T 1 the pressure and temperature of 107 the air before admission into the cylinder, and P 2 = P 1 − ∆P is the pressure measured at the exit of the test cylinder,
108
with ∆P the associated pressure drop. Pressure is assumed constant in the cylinder, so that the pressure drop ∆P is 109 only due to the cylinder head channels and valves.
110
The swirl number (SN) is measured by forcing the swirling air into a non-rotational motion using a freely sus- 
where the length scale S is the stroke of the piston in the real engine (here 160 mm). 
121
Stereoscopic PIV (S-PIV) was used in the tumble planes but due to the difficulty of getting good optical access 122 and suppressing laser reflections, only planar PIV measurements were performed in the swirl planes. Tumble plane 123 measurements were performed with the two cameras looking through the glass cylinder, with the laser shot from under 124 the cylinder head using an inclined (45 degrees) mirror (figure 3(a)). Scheimpflug adaptors were used on both cameras 125 and the Davis LaVision 8.0 software and calibration plate were used to perform stereoscopic calibration and to ensure 126 that the whole field of view was in focus for both cameras. The angle between the axis of the two cameras is ideally 127 90 degrees, but due to space constraints on the test bench the angle used was about 70 degrees. When performing swirl 128 plane measurements, the laser was shot through the glass cylinder perpendicular to its axis, and the camera captured 129 the flow by looking through the mirror (figure 3(b)). All PIV measurements performed are summarized in Table 1 .
130
An uncertainty analysis based on results from one plane of S-PIV data was first made to determine the number of 131 independent snapshots required to reach an accuracy in the mean flow better than 5 %. For performing the analysis we 132 assumed that the velocity at one point in space, regarded as a stochastic process X i , follows a Gaussian distribution.
133
The Gaussian distribution of the velocity at one point is the consequence of both turbulence and the uncertainty 134 inherent to the PIV algorithm. This leads to the equation (Bendat and Piersol, 2000) :
where Pr is the probability that the mathematical assertion is true, N is the total number of snapshots used to compute 136 the mean field, z α is a tabulated quantity that depends on the probability α, µ x is the real mean of the velocity at the 137 point considered,x and σ x are respectively the non biaised mean estimator and standard deviation. Here, we take 138 α = 0.95. The non biaised mean estimator is computed as:
139
Figure 4: Left: illustration of the method used for 3D3C reconstruction. The cylinder head is rotated while the cylinder and the PIV apparatus stay fixed, which allows to perform measurements without the need to calibration each time a new plane is investigated. The reference plane is the one perpendicular to X axis. The position of a tumble plane is described through its angle relatively to the reference plane. Right: field of view corresponding to the velocity fields presented in figure 6.x
Since the standard deviation σ x of the process considered is unknown, it is estimated by the non biased standard 140 deviation estimator s x , which is defined as:
Using this framework of analysis, a minimum of 300 snapshots were found to be necessary for computing mean 142 velocity fields satisfying the 5 % accuracy target in the active part of the flow. More details about the points used for 143 performing the analysis and the verification of the Gaussian approximation can be found in Rabault (2015) . 3. In-cylinder measurement results to the cylinder top on the structures present in the swirl plane was studied from planar PIV measurements.
198
The distance between the swirl plane in which measurements were performed and the cylinder top ranged from The momentum generating the swirl motion in the cylinder is driven by the jets coming out of the valves. As seen 237 in figure 6, those jets are injected at an angle α around 37 degrees and can be separated from the rest of the flow, since 238 they correspond to high velocity regions. One can therefore compute the injected mass flow rate q in j and momentum 239 M inj , by setting a threshold velocity V thres for the in-plane velocity obtained from the planar PIV measurements over 240 which the flow is considered to belong to a jet, injected in the cylinder at the angle α. The expression for the mass 241 flow rate and momentum injected by the jets are then:
where l is the list of indices for which in plane velocity modulus is above V thres , r l the vector from swirl plane centre 243 to the point considered and u l the associated local velocity. A reference value of V thres = 3 m/s was used for valve 244 lifts 3, 6, 9 mm while a reference value of V thres = 6 m/s was used for valve lifts 12 and 15 mm, for which stronger 245 flows are measured. The swirl number is then computed as:
246
Figure 10: Evolution of the in plane velocity magnitude (colour) and direction (arrows) at a 6 mm valve lift with increasing distance to the cylinder top (left to right, top to bottom, distance 2, 4, 6, 8, 10, 12, 14, 23, 40 cm) . The colorbars apply to each figure in a line. Figure 11 : Evolution of the in plane velocity magnitude (colour) and direction (arrows) at a 12 mm valve lift with increasing distance to the cylinder top (left to right, top to bottom, distance 2, 4, 6, 8, 10, 12, 14, 23, 40 cm) . The colorbars apply to each figure in a line. be beneficial for reducing cycle-to-cycle variations in an engine. To study the stability of the swirling structure, its 256 rotation centre is tracked in each instantaneous snapshot used to generate the mean velocity field.
257
Sophisticated generic algorithms have been described in a variety of previous works for performing vortex core 258 identification (Berson et al., 2009; Kida and Miura, 1998; Finn and Boghosian, 2006) . However the relative simplicity 259 of the present situation, implied by the limitation to 2D velocity fields and the existence of a well defined mean 260 structure, allows the use of simpler methods (Rabault, 2015) . Here a two step algorithm is used for performing the 261 tracking. Regions of low velocity magnitude c are first identified on the planar PIV snapshot by minimizing the 262 function:
where dx and dz are taken equal to the resolution of the PIV measurement, so that the local fluctuations of the PIV 264 snapshot are reduced. A second step is then performed in the area where the minimum of C 1 was identified to find a 265 more exact position. During this step, the minimum of the function C 2 is selected, where:
with (r x,k , r z,k ) = − −− → MP k , where P k is a list of N points equally spaced on the circle of centre M = (x, z) and radius R,
267
and R is taken equal to 8 mm. The function C 2 (x, z) is therefore proportional to the flow circulation around the point 268 M, computed using a discrete integration on a circle of radius 8 mm.
269
The final step is then to compute the Probability Density Function (PDF), defined as: where Pr [(x − dx/2, x + dx/2), (z − dz/2, z + dz/2)] is the probability that the instantaneous swirl centre lies in the 271 element of centre (x, z) and side sizes dx and dz respectively. The corresponding probability is estimated from the 272 empirical distribution obtained for the list of swirl centre positions.
273
Such an analysis is performed using 1500 snapshots for the two versions (High Swirl Configuration HSC and Low
274
Swirl Configuration LSC) of the cylinder head, 40 cm from the cylinder top at 15 mm valve lift. The probability 275 density distributions of the swirl centre obtained for each cylinder head are presented in figure 13 . In the HSC case 276 the swirl centre is distributed within a region of rather limited extent, whereas the swirl centre distribution for the LSC 277 head covers a much wider area of the swirl plane and is less regular. This shows that the LSC investigated not only
278
generates lower values of the swirl number compared to the HSC, but that the flow obtained is also less stable in time.
279
This may translate into larger cycle-to-cycle variations for the engine, known to reduce performance. 
Conclusions
281
The flow generated by a prototype of a diesel engine cylinder head has been investigated by means of planar and 
